Abstract-Reactive power flow increases dual active bridge (DAB) converter RMS current leading to an increase in conduction losses especially in high power applications. This paper proposes a new optimized triple phase shift (TPS) switching algorithm that minimizes the total reactive power of the converter. The algorithm iteratively searches for TPS control variables that satisfy the desired active power flow while selecting the operating mode with minimum reactive power consumption. This is valid for the whole range of converter operation. The iterative algorithm is run offline for the entire active power range (-1pu to 1pu) and the resulting data is used to train an open loop artificial neural network controller to reduce computational time and memory allocation necessary to store the data generated. To validate the accuracy of the proposed controller, a 500-MW 300kV/100kV DAB model is simulated in Matlab/Simulink, as a potential application for DAB in DC grids.
INTRODUCTION
High power DC-DC converters are recently becoming indispensable in areas of high power DC grids and renewable energy generation [1, 2] . This has been driven mainly by the need to interconnect different offshore wind farm clusters that are geographically separated in order to transmit power to onshore population centers, the anticipated European super grid and the need to offload congested/aging AC grids as demonstrated in Fig. 1 . In DC power transmission, the challenges have been maintaining the reliability and security of DC lines. Protection, fault isolation, voltage regulation, power flow control, and interconnections of different medium power lines using efficient DC-DC converters has been subject of investigation recently [1] . In renewable energy generation such as wind and solar, due their spasmodic nature, energy storage system is required to store energy during high generation peaks and retrieve during low peaks, hence the need to use bidirectional DC-DC converters [3] . In this paper isolated bidirectional dual active bridge converter (DAB) [4] is studied for its potential application in DC grids. Its desirable features for use in high power applications include low number of passive components, high isolation, soft switching ability, bidirectional power flow and power density, galvanic possibility of high stepping ratio of conversion. Recent research in DAB has been mainly focused on facilitation of efficiency improvement through accurate modelling [5] [6] [7] , use of low loss switching devices [8] , circuit topology and modulations schemes of the converter [9] [10] [11] [12] [13] [14] [15] [16] [17] . DAB modulations scheme are an active area of research and involves optimizing existing modulations schemes so that converter losses are minimized. Several modulation schemes have been proposed in literature, including conventional phase shift (CPS) modulation [9] , Dual phase shift (DPS) modulation [10, 11] , extended phase shift (EPS) modulation [12] , Triple phase shift (TPS) modulation [13] [14] [15] , Pulse width modulation (PWM) [16, 17] and hybrids of some of the above. CPS modulation operates the converter transformer voltages with two-level quasi square waves while controlling their respective phase shifts to control active power flow. Whilst this control method is simple to implement, it results in high circulating current, limited soft switching range and inability of reactive power control. To resolve this, DPS was proposed to reduce the converter circulating current and eliminate/reduce reactive power. This is achieved by introducing zero states in the transformer voltages through additional inner phase shift between the converter legs. But as pointed out in [16] , there are sub-optimal modes of operation within this scheme. Similarly, in [12] attempts are made to reduce converter circulating power by introducing EPS control scheme which is a special case of DPS. Both [10, 12] , define reactive power flow within the converter as a backflow power. This definition is inaccurate because it means that reactive power only occurs when the voltage and current are of opposite polarity (negative power flow). TPS control adds another degree of freedom to DPS scheme by introducing an extra control parameter in the modulation with the aim of increasing ZVS soft switching range and increasing overall DAB efficiency. In [15] , a multi-phase shift approach of DPS and TPS was investigated so as to determine optimal sub modes from the transformer voltage waveforms. Pulse width modulation (PWM) for DAB has been addressed in detail by [16] . Using single PWM, Dual PWM and hybrid combinations of CPS and PWM, the authors have shown an improvement in low power operation of the converter in wide input-output voltages, extension of ZVS range, reduction of peak and RMS currents and further reduction of the transformer size by using high frequency switching. In [17] , an extension of ZVS of the converter was investigated using PWM. This paper is an extension of work in [18] and proposes a new DAB reactive power optimization algorithm based on TPS modulation that is implemented using an open loop neural network controller. In contrast to previous publications, that defined reactive power as back flow power, reactive power flow is defined as true reactive power consumption by the DAB inductor with no fundamental frequency approximation of the voltages and current as in [16, 19] . Due to the existence of three degrees of freedom in controlling active power flow in TPS modulation, this makes application of linear PI control to DAB converter not possible. Therefore, an iterative optimization algorithm technique is used instead to search in all the derived power equations [18] for TPS control variables that satisfy user defined reference active power with minimum level of reactive power absorption. For real time implementation, this iterative optimization algorithm is time consuming, so an offline set of data is generated from the search results. This data set is used to train a neural network (NN) controller which is simple to implement, fast and does not require a large memory allocation. The structure of the rest of the paper is as follows. DAB converter topology under TPS control and the iterative reactive power optimization algorithm are discussed in section II. Implementation of NN controller is explained in section III. In order to validate the performance of the algorithm, results are given in section IV. In section V, conclusions of the important points in this paper are noted.
II. HIGH POWER DAB CONVERTER

A. Converter analysis using triple phase Shift control
Bidirectional DAB circuit topology is depicted in Fig. 2 (a) and it comprises two H-bridges, external inductor L ext , to facilitate power transfer and a high frequency isolation transformer. By referring the converter to the transformer primary side, neglecting transformer magnetizing inductance, adding transformer leakage inductance to the external inductor 3 , full, partial and no overlaps of both bridges quasi square wave voltages give rise to six switching modes and their complements, for both power flow directions using TPS and the operating waveforms for each of these modes are illustrated in Fig. 3 [18] .
B. Reactive power minimization algorithm
By minimizing reactive power flow, RMS inductor /transformer current is reduced, resulting in converter conduction loss reduction. In [18] , reactive power is computed by calculating the apparent power S L at the inductor. Since inductors do not absorb active power, the apparent power is therefore equivalent to the reactive power consumption by the inductor. Using the simplified circuit model in Fig. 2(b) , the converter total reactive power expression for all modes were computed [18] and derived using the expression, Fig. 3 . TPS control modes of operation [18] consumption using all the modes listed in Fig. 3 . A flow chart of the procedure is illustrated in Fig. 4 . The steps for optimizing for minimum reactive power can be summarized 
III. NEURAL NETWORK BASED CONTROLLER
The algorithm discussed in section II involves iterative searching of the optimum TPS variables as Fig. 4 illustrated. In real time, depending on the microcontroller speed and memory size, this can be computationally intensive. Therefore, to solve this, the algorithm is run offline in Matlab and data is collated for the entire active power range (-1 p.u to 1 p.u). This data is used in training an open loop NN controller which improves the computational speed of the algorithm due to its parallel input data processing capability and once trained, generates TPS variables for the DAB under any operating conditions. Fig. 6 . Implementation of reactive power minimization algorithm using NN controller Multilayer feed forward neural networks consist of input layer, hidden layer, and output layer as illustrated in Fig. 6 . These layers are connected by synapses of weights that either increase or decrease the input signals before they are summed and passed through transfer function. Weights and the biases of the network are tuned in incremental or batch mode by using numerical optimization algorithms that compute either the Jacobian of the network error or the gradient of the network performance with respect to the weights using backpropagation algorithm [20] . By iteratively tuning the weights and biases, the network is optimized depending on the performance requirements. In feed forward neural networks, mean square error (MSE) between the outputs of the network and the target outputs is mainly used cost function. The training is performed using 214 input and output data points consisting of per unit reference power (P ref (pu) ), and DC link voltages V 1pu and nV 2pu . The target data is the corresponding optimized TPS control variables (D 1opt , D 2opt & D 3opt ) for minimum reactive power output. A structure of 3 inputs, 20 hidden and 3 output layers was used to batch train the network using the process of Bayesian regularization [21] and a hyperbolic tangent (tan-sigmoid) activation functions for both hidden and output layers was used since the data range is between 1 and -1. Bayesian regularization process uses Levenberg-Marquardt numerical optimization algorithm [22] to train the network in order to generalize and prevent over fitting of data through jointly minimizing the weights and sum squared errors [20] . Therefore, during training, the weights & biases are tuned iteratively and updated for all layers until a satisfactory performance value was obtained after 120 epochs using sum squared error (SSE) performance function. Fig. 7 shows the regression plots of the data (Y) and target (T). The correlation coefficient R is equal to 99.7% and indicates how well the network has fitted the data. 
IV. PERFORMANCE EVALUATION OF THE ALGORITHM
To substantiate the analysis presented, detailed simulations using Matlab/Simulink was performed using a converter specification of 500 MW, DC link voltages of 300kV/100kV, a 500 Hz switching frequency and DAB inductor of 45mH.
A. Rated power, power reversal and partial power operation Results in Fig.8 , show the response of the converter to changes in the active power. In Fig. 8 (a) , the active power reference of the converter is set at full rating (1 p.u ) at t=0. At time t=0.2s, a step full power reversal is undertaken to -1 p.u and at t=0.4s, active power is stepped back to 1 p.u. Afterwards, a partial power operation of the converter is demonstrated from 1 p.u to 0.5 p.u at t=0.6s and 0.25 p.u at time t=0.8s. This shows that the converter can operate at rated and partial power with fast transient response thanks to the NN controller. Fig.8 (b) illustrates the converter true reactive power. At rated maximum active power of 1 p.u and -1 p.u, the reactive power is uncontrollable and has a maximum value of Q max =2.3 p.u. Therefore the NN controller works when |P pu |<1 p.u which is apparent at t>0.6s. This is discussed in more detail in the next subsection. The AC voltages and currents at 500 Hz are depicted in Fig. 8 (c) . It can be observed that the transformer AC voltages v ac1 and v ac2 , are full square waves during the 1 p.u active power transfer with 90 0 phase shift which corresponds to the case of conventional phase shift control. During 0.25 p.u power transfer, v ac1 and v ac2 , are nearly in phase allowing reduced power flow from bridge 1 to bridge 2. The current i L reduction during partial power operation of 0.5 p.u and 0.25 p.u is evident in Fig 8 (d). Fig 8(e) shows optimum TPS control variables generated by the open loop algorithm as a result of changes in the power reference. Table I Fig. 8 (b) .
B. Minimum reactive power selection
C. DAB DC faults ride through capability
Investigation of DAB fault current characteristics and fault ride through capability is vital for high power applications. Pole to pole DC fault shown in Fig. 9 is the most severe and is Fig. 9 . Illustration of pole-pole DC fault on V1 side seen as an AC fault by non-faulted side bridge. Therefore as long as RMS fault current is within twice RMS rated current, IGBTs can yet be used to switch the fault current allowing to control it and there is no need to trip/ block IGBTs. Fig. 10 shows DAB response with the proposed NN controller under DC faults. Initially the converter is assumed to be operating at full rated power before the fault is applied. At time t=0.2s a temporary pole to pole DC fault is introduced and cleared at t=0.4s. Fig. 10 (a) demostrates that during the fault the active power drops to zero and bridge 2 only supplies reactive power to the DAB inductor as shown in Fig. 10 (b) . remains unaffected during the fault. The fault current peak is the same compared to rated operation with a reduction in RMS value during the fault as portrayed in Fig. 10 (e) . This is significant advantage of DAB where fault current is less than rated current due to absence of opposite polarity AC voltages during the fault which increases total resultant voltage across DAB inductor leading to higher currents. For this reason, no control action is necessary from the non-faulted side bridge (bridge 2) to limit fault current and no external DC circuit breakers are needed as well.
V. CONCLUSIONS
Reactive power minimization algorithm using TPS control scheme was presented for high power DAB converter. By iteratively searching for the optimum TPS variables, it has been shown that reactive power consumption can be significantly reduced for partial active power operation. Neural network controller was trained using data from the iterative algorithm mainly to save computation time and memory in real-time applications. The NN controller fitted the data well as was shown by the correlation plot. Simulations 
